MsrPQ is a newly identified methionine sulfoxide reductase system found in bacteria, which appears to be specifically involved in the repair of periplasmic proteins oxidized by hypochlorous acid. It involves two proteins: a periplasmic one, MsrP, previously named YedY, carrying out the Msr activity, and MsrQ, an integral b-type heme membrane-spanning protein, which acts as the specific electron donor to MsrP. MsrQ, previously named YedZ, was mainly characterized by bioinformatics as a member of the FRD superfamily of heme-containing membrane proteins, which include the NADPH oxidase proteins (NOX/DUOX). Here we report a detailed biochemical characterization of the MsrQ protein from Escherichia coli. We optimized conditions for the overexpression and membrane solubilization of an MsrQ-GFP fusion and set up a purification scheme allowing the production of pure MsrQ. Combining UV-visible spectroscopy, heme quantification, and site-directed mutagenesis of histidine residues, we demonstrated that MsrQ is able to bind two b-type hemes through the histidine residues conserved between the MsrQ and NOX protein families. In addition, we identify the E. coli flavin reductase Fre, which is related to the dehydrogenase domain of eukaryotic NOX enzymes, as an efficient cytosolic electron donor to the MsrQ heme moieties. Cross-linking experiments as well as surface Plasmon resonance showed that Fre interacts with MsrQ to form a specific complex. Taken together, these data support the identification of the first prokaryotic two-component protein system related to the eukaryotic NOX family and involved in the reduction of periplasmic oxidized proteins.
MsrPQ is a newly identified methionine sulfoxide reductase system found in bacteria, which appears to be specifically involved in the repair of periplasmic proteins oxidized by hypochlorous acid. It involves two proteins: a periplasmic one, MsrP, previously named YedY, carrying out the Msr activity, and MsrQ, an integral b-type heme membrane-spanning protein, which acts as the specific electron donor to MsrP. MsrQ, previously named YedZ, was mainly characterized by bioinformatics as a member of the FRD superfamily of heme-containing membrane proteins, which include the NADPH oxidase proteins (NOX/DUOX). Here we report a detailed biochemical characterization of the MsrQ protein from Escherichia coli. We optimized conditions for the overexpression and membrane solubilization of an MsrQ-GFP fusion and set up a purification scheme allowing the production of pure MsrQ. Combining UV-visible spectroscopy, heme quantification, and site-directed mutagenesis of histidine residues, we demonstrated that MsrQ is able to bind two b-type hemes through the histidine residues conserved between the MsrQ and NOX protein families. In addition, we identify the E. coli flavin reductase Fre, which is related to the dehydrogenase domain of eukaryotic NOX enzymes, as an efficient cytosolic electron donor to the MsrQ heme moieties. Cross-linking experiments as well as surface Plasmon resonance showed that Fre interacts with MsrQ to form a specific complex. Taken together, these data support the identification of the first prokaryotic two-component protein system related to the eukaryotic NOX family and involved in the reduction of periplasmic oxidized proteins.
The repair of oxidative damage to proteins associated with the formation of methionine sulfoxide is an important issue for living organisms. This is possible thanks to the presence of the ubiquitous methionine sulfoxide reductase enzymes (Msr), which catalyze the reduction of the methionine sulfoxide into the original methionine (1) . Very recently, a new type of Msr has been discovered in Gram-negative bacteria (2, 3) . This system appears to be specifically involved in the repair of periplasmic proteins oxidized by hypochlorous acid HOCl. HOCl is generated in particular within phagocytic cells of the mammalian innate immune system to kill internalized pathogens. It is a powerful antimicrobial associated with its capability to oxidize methionine residues into methionine sulfoxide, leading to protein misfolding, loss of their cellular function, and aggregation (4) .
This new methionine sulfoxide reductase system, named MsrPQ, involves two proteins encoded in the same operon (2, 3) . MsrP, which carries out the Msr activity, is a periplasmic soluble protein with a molybdenum atom in its active site. It was previously named YedY (5) until its Msr activity was discovered. To be functional in vivo, MsrP has to be specifically associated with MsrQ, an integral b-type heme containing membrane-spanning protein, previously named YedZ (6) . MsrQ was proposed to be the specific electron donor for MsrP, allowing catalysis of methionine sulfoxide reduction (3) .
Detailed functional characterization of this new Msr system is an important issue to better understand its involvement in the bacterial defense against HOCl stress. This system could play an important role in some pathogenic bacteria to escape the mammalian innate immune system and to cope with the oxidative burst and HOCl killing. Whereas MsrP (YedY) has been structurally well characterized (5) , showing similarities with the sulfite oxidase molybdenum-enzyme family (7) (8) (9) , biochemical studies on MsrQ (YedZ) are much more scarce (10) . Long before the identification of its physiological function, bioinformatic studies recognized MsrQ as an archetypal domain present in an important superfamily of heme-containing membrane proteins initially designated as the YedZ family (11) . More recently, this domain, present in bacterial and eukaryotic representatives, has been renamed as the FRD domain (for ferric reductase domain) (12), based on its identification within STEAP (six-transmembrane epithelial antigen of the prostate) and FRE (yeast ferric reductases) proteins, which are both involved in iron metabolism (13) (14) (15) . Furthermore, the FRD domain is also present within the NADPH oxidase (NOX/ DUOX) family of transmembrane enzymes involved in the production of reactive oxygen species (ROS) 3 (16) . The archetype of this FRD membrane domain, with structural similarity to cytochrome b of the mitochondrial bc 1 complex, consists of six transmembrane segments (TM) with two bis-histidyl motifs in TM3 and TM5, allowing the chelation of two b-type hemes. Phylogenetic analyses suggested that among the FRD family, MsrQ proteins form a specific group together with the eukaryotic ferric reductases of the STEAP family on one side and the FRE and NOX family on the other side (16) . In particular, differences with the NOX and FRE family can be seen within the number of predicted histidine residues involved in heme binding (Fig. 1 ). In the MsrQ/STEAP family, one of these histidines was replaced by an arginine residue. In addition, whereas the STEAP proteins possess two histidyl residues, MsrQ presents three histidines among the four (Fig. 1) . These data suggested that the STEAP/MsrQ proteins might lack one of the two b-type hemes present in the NOX and FRE enzymes (17) .
MsrQ is also remarkable in that it contains only the transmembrane domain, without any additional cytosolic domains (Fig. 1) . In fact, NOX, FRE, and STEAP proteins contain additional dehydrogenase cytosolic domain(s), allowing NADPH and flavin binding (12) . The presence of such cofactor sites permits efficient electron transfer from NADPH to the membrane b-type hemes, which, for NOX, leads to the catalysis of oxygen reduction and ROS formation and, for ferric reductase, to the reduction of ferric complexes required for iron assimilation. In the case of MsrQ, the membrane reduced quinone pool was proposed to be the source of electrons for the MsrQ heme reduction (3) . Nevertheless, taking into account the efficiency of the dehydrogenase systems to reduce the membrane b-type FIGURE 1. Structural relationships between MsrQ (formerly YedZ), STEAP, and NOX/DUOX protein families. A, domain cluster prediction in the primary sequence of proteins belonging to the MsrQ, STEAP, and NOX/DUOX families (red, green, and blue bar on the left, respectively). The FRD/MsrQ domain is highlighted, and TM numbering refers to position of the TM within this domain; when applicable, an additional TM is not numbered. Histidine residues (H), localized in the third (TM III) and fifth (TM V) FRD transmembrane segments and conserved among the members of these protein families, are framed by an orange rectangle. The distance separating two histidine residues inside a transmembrane segment is indicated below. The N-terminal dehydrogenase domain in STEAP 2-3 is homologous to the FNO-like domain (Pfam accession number PF00420). The peroxidase-like and EF-hand domains in Duox correspond to the Pfam domains PF03098 (peroxidase-like) and PF0036 (EF-hands). The C-terminal dehydrogenase domain common to NOX, DUOX, and FRE proteins corresponds to the FNR-like domain (PF00175). B, partial sequence alignment of members of the MsrQ(YedZ) family (red line to the left of the alignment), STEAP family (green line), and NOX family (blue line), adapted from Ref. 16 . The amino acids are colored according to average BLOSUM62 score (correlated to amino acid conservation) in each alignment column: bright blue, Ͼ3; purple, between 3 and 1.5; bright green, between 1.5 and 0.5. The transmembrane helix positions were predicted with the TMHMM prediction server.
hemes in the FRD family, the existence of soluble cytosolic dehydrogenase protein functioning as MsrQ electron donor might be envisioned. However, for MsrQ, the dehydrogenase would not be an associated cytosolic domain but a separate soluble partner.
In this work, we have optimized overproduction, solubilization, and purification of MsrQ. From this new preparation, we have shown that MsrQ contains two b-type hemes, with UVvisible spectra identical to those of NOX proteins. The presence of the two b-type hemes was also supported by mutations of the conserved histidine heme ligands within TM3 and TM5, which led to the loss of one or two b-type hemes. In addition, we have identified Fre, 4 a cytosolic NAD(P)H flavin reductase, as a potential soluble physiological dehydrogenase partner for MsrQ in Escherichia coli. Altogether, these data suggest that the Fre and MsrQ proteins form a prokaryotic two-component system for electrons transfer through membrane, which could be structurally related to eukaryotic NADPH oxidase enzymes of the NOX family.
Results
MsrQ Overexpression, Solubilization, and Purification-The optimization of MsrQ production in E. coli was performed following a standardized protocol, which has allowed the overproduction of many E. coli MG1655 membrane proteins fused to GFP (18) . Using a MsrQ-GFP fusion gene cloned into the pET28 vector, 72 different expression conditions, involving the use of seven E. coli strains, three culture media, and three induction temperatures, were screened simultaneously. For each of these conditions, the GFP fluorescence was measured on the whole bacterial cell population to assess the MsrQ-GFP production level. As shown in Fig. 2A , the E. coli BL21 (DE3) strain exhibited the highest MsrQ-GFP production level after an overnight induction at 20°C in a rich culture medium (Terrific Broth, TB). These conditions were selected for MsrQ-GFP production. Cytoplasmic membranes prepared after induction were subsequently solubilized using six different detergents. The soluble and insoluble fractions were recovered and analyzed by immunoblotting, using anti-His tag antibody, to detect the presence of MsrQ-GFP fusion protein (Fig. 2B) . DDM was the only detergent able to fully solubilize MsrQ-GFP protein.
Whereas detergents belonging to the Fos-choline family were totally ineffective, other detergents, such as LDAO or ␤-OG, only ensured a partial extraction of the protein from the membrane (Fig. 2B) . 4 It should be noted that Fre, the E. coli flavin reductase, and FRE, the ferric reductases from Saccharomyces cerevisiae are different proteins, catalyzing different enzymatic reactions. We discriminate these two proteins by using capital letters, FRE, for ferric reductase and lowercase, Fre, for flavin reductase. This homonymy is even more uncomfortable when considering that Fre from E. coli is homologue to the C-terminal dehydrogenase domain of FRE from S. cerevisiae (as it is with respect to NOX proteins). MsrQ-GFP was purified from membranes solubilized in DDM and loaded onto an Ni-NTA-agarose column (Fig. 2 , C and D). 6.5 mg of pure MsrQ-GFP protein per liter of culture were obtained, a yield 2.5 times higher than that reported previously (18) . Following an overnight incubation with TEV protease, the MsrQ protein without the GFP domain was recovered in the flow-through of a second Ni-NTA-agarose column. A subsequent purification through an anion exchange chromatography led to a yield of 1.5 mg of pure MsrQ protein/liter of culture (Fig. 2D) .
UV-visible Characterization-UV-visible spectroscopy showed that the as-isolated oxidized MsrQ-GFP protein exhibited two intense absorption peaks at 412 and 490 nm, characteristics of oxidized b-type heme and a GFP chromophore, respectively (Fig. 3A) . Accordingly, the purified oxidized MsrQ protein, obtained after removal of the GFP part of the fusion, still exhibited the absorption peak centered at 412 nm, and now peaks at 534 and 562 nm were clearly visible (Fig. 3A) . Following dithionite reduction, reduced minus oxidized difference spectra of both MsrQ-GFP and MsrQ proteins were found to be identical, revealing three new absorption peaks at 558, 530, and 426 nm corresponding to the ␣, ␤, and Soret heme bands, respectively (Fig. 3B ). The GFP contribution was abrogated in these difference spectra. This absorption spectrum, identical to that of reduced human neutrophil flavocytochrome b 558 (19) , is characteristic of b-type hemoproteins in their reduced states. Using the MsrQ heme content reported in Table 1 , the extinction coefficient value for the oxidized MsrQ form at 412 nm was calculated to be 51,950 M Ϫ1 cm Ϫ1 . For the reduced MsrQ form at 426 and 558 nm, the extinction coefficient values were found to be 69,015 M Ϫ1 cm Ϫ1 and 11,075 M Ϫ1 cm Ϫ1 , respectively. Heme Stoichiometry Determination-To quantify the MsrQ heme content, a purified MsrQ sample was divided into two parts. The first part of the sample was used for the quantification of heme using the pyridine hemochromogen assay (20) . The heme concentration was found to be 19.8 Ϯ 1.4 M ( Table  1 ). The second part of the sample was used to determine the MsrQ protein concentration by two different techniques. First, quantitative amino acid analysis was carried out. A protein concentration of 7.9 Ϯ 0.4 M was determined, leading to the calculation of a heme/protein ratio of 2.5 Ϯ 0.3 (Table 1) . Second, the protein concentration was determined by infrared spectroscopy using the amide I band corresponding to the carbonyl vibration of the peptide bonds (21) . The heme/MsrQ protein ratio quantified by this approach was found to be 2.1 Ϯ 0.3 (Table 1 ). These data show that MsrQ contains two b-type hemes per polypeptide chain.
Histidine Coordination-In the human neutrophil flavocytochrome b 558 , four histidine residues located in the third and fifth transmembrane domains are involved in the coordination of two b-type hemes (22) . Among these histidines, three were remarkably conserved in the MsrQ primary sequence and localized in the third (His-91) and fifth (His-151 and His-164) transmembrane helices ( Fig. 1B) (16) . As suggested by the topological representation of MsrQ, histidines 91 and 164 could be considered as a first heme-binding site facing the periplasmic compartment, whereas the histidine 151 could be part of a second binding site on the cytoplasmic side.
To address the role of histidines 91, 151, and 164 in heme binding, histidine mutants of MsrQ-GFP protein were designed. The impact of these mutations on heme content was analyzed by UV-visible spectroscopy on the purified proteins (Fig. 3C) . The protein concentration of each mutant was normalized using the GFP absorption peak at 490 nm, and the heme content was calculated from the absorbance value at 412 nm, corrected from the absorbance contribution of GFP at this wavelength. As illustrated in Fig. 3C , about half (57%) of the total MsrQ heme content remained present in the H151A mutant protein. These data are in agreement with the involvement of His-151 in the coordination of one of the two MsrQ hemes. Furthermore, whereas the H91A single mutation led to the almost total loss (93%) of the two hemes, the H164A single mutation induced the loss of 63% of the total MsrQ heme content (Fig. 3C ). This suggests that His-164 is involved in the coordination of one of the two hemes of MsrQ. Together with and MsrQ (solid line) proteins at 6.1 M. B, reduced minus oxidized difference spectra of the MsrQ protein (7 M), measured between 380 and 600 nm. The protein was reduced by the addition of sodium dithionite. Arrows, absorption peaks and shoulders. C, oxidized MsrQ-GFP; wild type (f) and single mutant H151A (•), H164A (), and H91A (OE) proteins. Protein concentration was normalized using the GFP absorption peak at 490 nm. The total MsrQ heme content on each protein was determined from the absorbance at 412 nm, corrected from the residual absorption of GFP at this wavelength. Heme content was as follows: wild type, 100%; H151A, 57%; H164A, 37%; H91A, 7%.
the above mentioned topological representation of MsrQ (Fig.  1A) , these results suggest that one heme-binding site involves His-164 and most likely His-91, similarly to that reported for NOX enzyme (Fig. 1A ) (22) . The loss of the two hemes in H91A mutant suggests that His-91 could play an additional role in the global stabilization of the second b-type heme cofactor present in MsrQ. The data also indicate that His-151 is involved in the coordination of the second heme. However, in this case, the second canonical heme binding histidine is missing in the third transmembrane helix (Fig. 1B) , suggesting an atypical coordination for the second heme present in MsrQ. Search for MsrQ Cytosolic Electron Donors-Previous bioinformatics analyses suggested an evolutionary relationship between MsrQ and the FRE-NOX protein families (11, 16) . We hypothesized that an E. coli cytosolic NADPH-dependent flavoprotein related to the cytosolic dehydrogenase domain of FRE-NOX enzymes could be the source of the electrons for MsrQ heme reduction. This FRE-NOX cytosolic dehydrogenase domain is homologous to the ferredoxin-NADP ϩ reductase family (FNR), which bears NADPH and flavin binding sites (23) . To identify such E. coli proteins, a 3D screening of the currently available protein structures in the PDB was performed with the DALI and PDBeFold servers using the spinach FNR structure as a template (the spinach FNR, first structure solved, was used because it historically defined this family). The flavin reductase Fre 4 (24) and the flavodoxin NADPH reductase Fpr (25) were found to be the two E. coli flavin-dependent enzymes with the highest similarity with the spinach FNR (26) . Fre and Fpr are both NAD(P)H flavin-dependent oxidoreductases, which catalyze the transfer of electrons between NADPH and their cellular targets via a flavin, tightly bound (Fpr) or not bound (Fre) to the polypeptide chain. Thus, Fpr is a flavoprotein (25) , whereas Fre uses free flavins as substrates (24) . Among these two, the physiological role of Fre has never been clearly stated or identified, whereas Fpr is well known for its involvement in glycyl radical generation within pyruvate formate lyase and anaerobic ribonucleotide reductase (25, 27) . Thus, we focused our investigation on Fre to test whether it could be a potential dehydrogenase partner for MsrQ.
The ability of Fre to catalyze MsrQ heme reduction was investigated under anaerobiosis, in the presence of NADPH and free FMN. Reduced minus oxidized difference spectra recorded in anaerobic conditions showed that the three absorption peaks at 426, 530, and 558 nm characteristic of b-type heme in a reduced state appeared following incubation of MsrQ with the Fre system (Fig. 4A) . No reduction of MsrQ was observed in the absence of Fre, with NADPH alone, or with NADPH and FMN (Fig. 4A) . These data indicate that MsrQ is reduced thanks to the free reduced FMN generated by the Fre activity. Full MsrQ heme reduction was observed after a reaction time proportional to the amount of Fre added into the reaction cuvette (Fig. 4B) . From the linear part of the MsrQ reduction kinetics recorded at 558 nm, a specific activity of 2,570 Ϯ 110 nmol of MsrQ reduced by min and by mg of Fre was calculated (Fig. 4B) . It should be noted that this value was obtained in the presence of 250 M NADPH and 30 M FMN, corresponding to the conditions for Fre maximum velocity (24, 28) . In the absence of MsrQ, the Fre NADPH-FMN reductase specific activity, measured in the same conditions, was determined to be 2,250 Ϯ 50 nmol of NADPH oxidized by min and by mg of Fre (not shown). These data show that Fre specific activity for MsrQ reduction is almost identical to that of FMN reduction. These results demonstrate that Fre is able to efficiently catalyze the electron transfer from NADPH to MsrQ.
Interaction between Fre and MsrQ-The formation of a specific complex between Fre and MsrQ, which could play some role in the heme reduction process, was studied. At first, this has been investigated by cross-linking reactions performed in vitro using ethylene glycol-bis-(succinimidylsuccinate) (EGS) cross-linking reagent (Fig. 5A) . SDS-PAGE analysis shows that EGS treatment triggers a 45 kDa additional band, the intensity of which increases in a Fre concentration-dependent manner in the presence of MsrQ. The 45 kDa molecular mass perfectly fits the theoretical weight expected for Fre-MsrQ cross-linked complex, showing a specific interaction between Fre and MsrQ. In contrast, no cross-link was observed when Fre or MsrQ was incubated with a control protein, such as lysozyme (Fig. 5A) or BSA (not shown). The specificity of this interaction was further investigated by testing the effect of increasing NaCl concentration in the reaction medium (Fig. 5B) . Under such conditions, the Fre-MsrQ complex is maintained fairly stable, suggesting hydrophobic interactions between the two partners. Interestingly, no cross-linked complex could be seen with Fre when using the fusion protein MsrQ-GFP (supplemental Fig. S1 ). Thus, GFP fused on the cytosolic side of MsrQ hampers complex formation with Fre. These data demonstrate that the observed Fre-MsrQ complex is oriented on the cytosolic side, as expected from a physiological point of view.
The Fre-MsrQ interaction was further analyzed using surface plasmon resonance (Fig. 6) . The results showed a specific interaction between Fre and MsrQ proteins in a concentrationdependent manner. The specificity of the interaction between MsrQ and Fre functionalized surface was confirmed at 50 and 150 mM NaCl concentration ( Fig. 6 and supplemental Fig. S2A ) as well as the use of BSA-functionalized surface as a negative control (supplemental Fig. S2B ). Using a steady state affinity model for analysis, apparent K d values of MsrQ for Fre were determined to be 15 Ϯ 4 and 18 Ϯ 3 M, in the presence of 150 and 50 mM NaCl, respectively. These data reflect the fact that Fre could be a physiological reducing system of MsrQ.
Discussion
Although MsrQ (YedZ) was identified many years ago as an integral transmembrane-spanning hemoprotein (6), its cellular function has been only very recently identified (2, 3). MsrQ belongs to an enzymatic system involving MsrP (YedY), a new type of methionine sulfoxide reductase, which repairs periplasmic methionine sulfoxide-containing proteins. In this system, MsrQ, thanks to its heminic cofactor(s), acts as the MsrP-specific electron donor for methionine sulfoxide reduction (3) .
In this work, we have carried out a detailed characterization of MsrQ and reinvestigated its heme content. We also showed that the flavin reductase Fre, in addition to the previously characterized membrane-bound quinone pool (3), could act as an efficient cytosolic electron donor for MsrQ.
Bioinformatics studies showed that MsrQ is related to the FRE/NOX family, with a similar b-type heme transmembrane domain (11, 16) . However, differences can be seen within the number of predicted histidine residues that could be involved in heme binding. Indeed, whereas FRE/NOXs possess two bis-FIGURE 5. Interaction analysis between Fre and MsrQ. A, purified proteins MsrQ (10 l at 1 mg/ml), lysozyme (10 l at 0.25 or 1 mg/ml), and Fre (10 l at 0.5, 1, or 2 mg/ml) were first preincubated for 1 h, alone or together, without the cross-linking reagent. As indicated above the gels, the cross-linking reactions were then started, by adding (ϩ) or not (Ϫ) 0.5 mM EGS. After a 20-min incubation, the reactions were immediately subjected to SDS-PAGE analysis. B, effect of sodium chloride addition (0 -150 mM) during the cross-linking reactions. histidyl motifs in TM3 and TM5 required to bind two b-type hemes, one histidyl in TM3 is missing in MsrQ, suggesting the presence of only one b-type heme in MsrQ.
Here, taking advantage of an MsrQ-GFP fusion strategy previously designed for a systematic study on E. coli membrane proteins (18), we have optimized conditions for MsrQ-GFP fusion overproduction and established a purification scheme allowing a production of MsrQ compatible with quantitative biochemical characterizations. Our present work, carried out on pure MsrQ preparations, which allowed an accurate determination of the protein concentration, demonstrated the presence of two b-type hemes per MsrQ polypeptide. This result clearly differs from previous studies, which have reported the presence of only one heme per MsrQ (YedZ) protein (18) . This discrepancy regarding heme/protein ratio may come from a heme depletion during purification. Indeed, it was observed here that in the last purification step of MsrQ, some fractions of MsrQ were apo-forms (data not shown).
We further showed that single mutation of histidines at positions 164 and 151 led to the loss of only one of the two MsrQ hemes. Thus, in agreement with the topological representation of MsrQ (Fig. 1) , our results suggest that His-91 and His-164 are directly involved in the coordination of the first b-type heme, whereas His-151 is involved in the coordination of the second b-type heme. However, because a second histidyl ligand associated with His-151 to coordinate this heme is missing and replaced by a well conserved arginine residue (Arg-77), the question of its involvement as the second heme ligand might be considered. In fact, because of the strong basicity of its guanidinium side chain, arginine has been not clearly observed as an iron ligand in metalloproteins. It could be possible that in addition to the His-151, a second histidine ligand may come from another neighboring helix, as reported previously in E. coli formate dehydrogenase, which contains two b-type hemes in a four-TM subunit (29) . Further studies are needed to characterize this second heme ligand in MsrQ.
In any case, these data suggest that the two b-type hemes present in MsrQ can be at least differentiated based on MsrQ topology. As shown by the MsrQ (YedZ)-PhoA/GFP analysis (6), the first heme, with the canonical heme binding histidines (His-91 and His-164), is expected to face the periplasmic compartment, whereas the second heme, with the atypical coordination, would be located on the cytosolic side of MsrQ.
Recently, from genetic experiments, it has been proposed that MsrQ gets electrons from the membrane-bound quinones to reduce MsrP (3). Nevertheless, with such a two-heme topology spanning the membrane, MsrQ seems also well designed to receive electrons from redox-soluble cytosolic component(s) and transfer them across the membrane to the molybdenum cofactor of MsrP located in the periplasmic space. Indeed, we showed here that MsrQ can be efficiently reduced by the cytosolic NAD(P)H:flavin reductase Fre in the presence of free FMN and NADPH. The flavin reductase Fre uses flavins as substrate, which are further released from its active site after their reduction by NAD(P)H (24) . We showed that the rate of MsrQ reduction by Fre in the presence of FMN and NADPH is identical to that of FMN reduction by Fre in the presence of NADPH. Because the oxidation of one molecule of NADPH involves two electrons and the reduction of MsrQ involves two electrons (two b-type hemes per MsrQ molecule), these data strongly suggest that all of the FMN molecules reduced by Fre are fully oxidized by MsrQ. Thus, the reduction of MsrQ by the Fre system appears to be solely limited by Fre turnover, and no free reduced FMN is likely to accumulate during the reaction, because it is promptly oxidized by MsrQ.
In vivo, such a property could be strongly beneficial, because the accumulation of free reduced flavins in the cell is deleterious (30) . In fact, the instable and highly reactive free reduced flavins can reduce molecular oxygen to form toxic ROS species and could also carry out other unwanted reduction processes of cell components. Such an issue has been well described in the cases of the two-component monooxygenase systems, which involve, as distinct proteins, a flavin reductase that generates a reduced flavin and a monooxygenase that utilizes the reduced flavin as a substrate for monooxygenation (30) . For these two-component enzymes, an optimal reduced flavin transfer between the flavin reductase and the monooxygenase has been shown to be one of the key points in their catalytic properties (30) .
Furthermore, cross-linking experiments and surface plasmon resonance studies carried out in this work showed that Fre and MsrQ form a specific complex with a rather low K d value of 15 M. Such interaction could also contribute to the efficient and specific transfer of the reduced flavin between Fre and MsrQ, because this has been reported in the case of some twocomponent monooxygenase enzymes (30) .
Altogether, these results suggest that Fre could be an efficient electron donor to MsrQ in the cell and could represent an alternative electron source to MsrQ compared with the membranebound quinones (3). In particular, it could be hypothesized that the Fre MsrQ-reductase activity might play an essential role in conditions where the formation of the reduced quinone pool is deficient (e.g. when the E. coli respiratory chain is inactivated due to stress conditions). These could include the presence of reactive chlorine species against which the MsrP/Q system is supposed to act. Further studies are clearly required to better specify the physiological role of Fre for the reduction of methionine sulfoxide associated with hypochlorite damage.
Finally, these data provide a new perspective on the previously underlined phylogenetic relationship between MsrQ, STEAP, and NOX/FRE proteins (12) . As illustrated in Fig. 7 , when compared with MsrQ, both the STEAP and NOX membrane-bound protein families display a soluble dehydrogenase domain on their cytosolic side, fused to their N or C terminus, respectively. The identification of Fre as a potential dehydrogenase partner for MsrQ suggests the existence of a two-component system with homologies to the NOX/FRE. Indeed, strong similarity between the known structural part of Nox2 dehydrogenase domain and Fre does exist (supplemental Fig. S3) . Thus, the identification of the MsrQ/Fre two-component system is a strong support to Sumimoto's (31) hypothesis of a prokaryotic origin for the eukaryotic NOX enzyme, resulting from the fusion of a membrane cytochrome b and a FNR-like dehydrogenase domain. The MsrQ/Fre two-component system might be viewed as a prokaryotic intermediate prefiguring the fused NOX enzymes.
Experimental Procedures
Chemicals and Reagents-Detergents were obtained from Anatrace. All other chemicals were from Sigma-Aldrich. The recombinant flavin reductase Fre from E. coli was overexpressed and purified as described previously (24) .
Expression of Recombinant MsrQ(YedZ)-GFP Protein-The pET28-YedZ-GFP construct was kindly provided by Jan Willem de Gier (18) . In this construct, the yedZ gene comes from the E. coli strain MG1655. Conditions for optimal expression of MsrQ-GFP in E. coli cells were screened using the RoBioMol platform (Institut de Biologie Structurale, Grenoble, France). Seven E. coli BL21 (DE3)-derived strains, transformed with the plasmid pET28-YedZ-GFP (BL21 (DE3), BL21 pLysS (DE3), C41 (DE3), C43 (DE3), RIL (DE3), Rosetta2 (DE3), and RP (DE3)) were tested. Three culture media (TB, LB, and autoinduction), two induction times (4 h and overnight), three induction temperatures (37, 25, and 20°C), and one concentration of isopropyl 1-thio-␤-D-galactopyranoside (0.5 mM) were analyzed concomitantly. Cultures were carried out in 96-well plates at 37°C, with 200-rpm shaking. After 3 h of growth, cultures were induced with 0.5 mM isopropyl 1-thio-␤-D-galactopyranoside and grown further according to the desired conditions. The production level of MsrQ-GFP was analyzed on whole cells by measuring the fluorescence associated with GFP (excitation 485 nm, emission 510 nm).
Site-directed Mutagenesis-MsrQ-GFP site-directed mutagenesis experiments were performed with the QuikChange mutagenesiskit(Stratagene),usingtwosetsofcomplementarymutantoligonucleotides. DNA sequences were verified on both strands (Beckman Coulter Genomics).
Membrane Preparation-A bacterial cell pellet (from a 6-liter culture) was resuspended in 50 mM Tris-HCl, pH 8.0, supplemented with one tablet of Complete EDTA-free protease inhibitors (Roche Applied Science). Cells were disrupted twice using a Microfluidizer M-110P (Microfluidics International) at 10,000 p.s.i., and the homogeneous lysate was centrifuged at 8,000 ϫ g for 15 min at 4°C. The supernatant was further centrifuged at 150,000 ϫ g for 45 min at 4°C. The membrane fraction, recovered in the pellet, was resuspended in 50 mM TrisHCl, pH 8.0, homogenized with a Potter homogenizer, and stored at Ϫ80°C until used.
Membrane Solubilization-Solubilization tests of MsrQ-GFP were performed with several detergents using the following concentrations: 19.5 mM DDM, 80 mM ␤-OG, 21.7 mM LDAO, 4.5 mM Fos-choline-12, 0.36 mM Fos-choline-14, and 0.06 mM Fos-choline-16. For each assay, the membranes containing MsrQ-GFP proteins (60 l at 16 mg/ml) were solubilized with a detergent solution (60 l) twice concentrated. After an incubation of 1 h on ice, this suspension was centrifuged for 20 min at 200,000 ϫ g. The solubilized membrane proteins were recovered in the supernatant. The pellet, corresponding to the insoluble membrane fraction, was resuspended in 120 l of 50 mM Tris-HCl, pH 8.0, buffer. The soluble and insoluble protein fractions were analyzed on SDS-PAGE and electrotransferred onto a nitrocellulose sheet. Immunodetection of MsrQ-GFP was performed using an anti-His-HRP-conjugated antibody and revealed by a colorimetric reaction using Sigma-Fast tablets (Sigma-Aldrich).
MsrQ-GFP Purification-Membrane fractions were diluted to 5 mg/ml in 50 mM Tris-HCl, pH 8.0. Membrane solubilization was carried out by the addition of 1.2 mg of DDM for 1.1 mg of membrane proteins, and the suspension was incubated for 1 h at 4°C on a rotating wheel. After centrifugation for 30 min at 150,000 ϫ g, the supernatant containing the solubilized proteins was recovered and mixed overnight with 10 ml of Ni-NTA-agarose resin (Qiagen) pre-equilibrated in buffer A (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 0.016% DDM, 15 mM imidazole). After two extensive washing steps with 50 ml of buffer A and then with 50 ml of buffer B (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 0.016% DDM, 25 mM imidazole), the MsrQ-GFP protein was eluted using 50 ml of buffer C (50 mM TrisHCl, pH 8.0, 150 mM NaCl, 0.016% DDM, 250 mM imidazole). After desalting on a PD10 Sephadex G-25 M column (GE Healthcare), the C-terminal GFP domain of the recombinant protein was cleaved off after an overnight incubation at room temperature with the His-tagged TEV protease. Removal of the GFP moiety and the TEV was performed by purification on an Ni-NTA-agarose column. The unbound fraction that contained MsrQ protein was concentrated and run over a Mono-Q column (GE Healthcare) pre-equilibrated in buffer D (50 mM Tris-HCl, pH 8.0, 0.016% DDM). The purified MsrQ protein was recovered in the flow-through and stored at 4°C until used.
Analytical Methods-Determination of protein concentrations was carried out by quantitative amino acid analysis on three different protein dilutions. The samples were dried and hydrolyzed for 24 h under reduced pressure at 110°C in constant boiling 6 N HCl containing 1% (w/v) phenol. Amino acid contents were analyzed with a Biochrom 30 amino acid analyzer. An internal standard (norleucine) was added to each sample to determine the amount of the sample recovered during the assay. Alternatively, protein quantification was performed using infrared spectroscopy (Detect Direct, Merck Millipore). Measurements were performed in triplicate according to the manufacturer's instructions. The intensity of the amide I band (between 1,600 and 1,690 cm Ϫ1 ), corresponding to the CϭO stretching vibration of the peptide bond, was measured. The sample concentration was determined in reference to a calibration curve of 10 concentration points (0.125-5 mg/ml) of bovine serum albumin prepared in PBS. When not specified, protein concentration was determined by the Bradford method (Bio-Rad).
Heme content was determined by the pyridine hemochromogen assay, as described by Rieske (20) .
In Silico Screening-The spinach FNR structure (PDB code 1FNB) was used to carry out a 3D screening using DALI (32) and PDBeFold (33, 34) servers. Around 80,000 entries were examined, and only two structures, Fre (PDB code 1QFJ) and Fpr (PDB code 1FDR), were found to be close enough to FNR in E. coli. The validation of these first hits was assessed with Pfam (35) . The sequence alignment of known FNR homologues was performed according to the presence of the NAD and FAD binding domains. In this large collection of protein domain families, 2,546 sequences were screened, and the first two E. coli proteins were Fpr and Fre.
Cross-linking Experiments-Protein cross-linking reactions were performed in 50 mM HEPES buffer, pH 8.0, using EGS as cross-linking reagent. Before starting the reaction, Tris buffer present in the purified protein samples was exchanged on a PD10 column against 50 mM Hepes buffer, pH 8.0, containing 0.016% DDM (MsrQ) or 10% glycerol (Fre, lysozyme, and BSA). Depending on the conditions, the purified proteins (0.25-2 mg/ml) were first incubated without EGS for 1 h on ice in a 30-l reaction volume. Sodium chloride (50, 100, or 150 mM) was then added to the reaction mixture. The cross-linking reaction was started by the addition of 0.5 mM EGS prepared extemporaneously in dimethyl sulfoxide. After a 20-min incubation at room temperature, reactions were stopped with 1 l of 1 M Tris-HCl buffer, pH 8.0, and the protein samples were immediately subjected to an SDS-PAGE analysis.
Enzymatic Activity Measurements-The activity measurements were performed in 50 mM Tris-HCl, pH 7.6, 0.016% DDM at 20°C under anaerobic conditions, using a glove box (Jacomex B210) equipped with an oxymeter (Arelco Arc) and filled with a nitrogen atmosphere containing Ͻ2 ppm O 2 . The glove box was equipped with a UV-visible cell coupled to an Uvikon XL spectrophotometer by optical fibers (Photonetics). Flavin reductase activity was measured from the decrease of the absorbance at 450 nm due to the reduction of free FMN (12.3 mM Ϫ1 cm Ϫ1 ) in the presence of NADPH. The spectroscopic cuvette (120-l final volume) contained 30 M FMN and 250 M NADPH. The reaction was initiated by adding 0.02-0.15 g of Fre. MsrQ heme reduction assays were carried out in a spectrophotometric cuvette (120-l final volume), containing 30 M FMN, 250 NADPH, 11 M MsrQ, and was initiated by adding 0.02-0.15 g of Fre. Reduced minus oxidized difference spectra were performed to follow the redox state of MsrQ. The kinetics of MsrQ reduction were followed at 558 nm.
Surface Plasmon Resonance (SPR)-SPR experiments were conducted on a Biacore 3000 system using a CM4 sensor chip, functionalized using HBS-P buffer from the manufacturer at a 5-l/min flow rate. Flow cells (Fc) 1 and 2 were activated as recommended. Fc1 was blocked with 1 M ethanolamine and served as a control surface. Fc2 was functionalized by injecting 40 l of Fre (60 g/ml) diluted in sodium acetate (10 mM, pH 5) at 5 l/min. The remaining activated groups were blocked with 1 M ethanolamine (30 l). All runs were carried out at 20°C and at a flow rate of 20 l/min with buffer D supplemented with 50 or 150 mM NaCl as running buffer. Increasing MsrQ concentrations were injected onto the Fre surface. After each injection, the surface was regenerated by a 10-l injection of 10 mM NaOH.
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